To microscopically analyze the chemotherapeutic response of tumors using in vivo staining based on an annexinV-Cy5.5 probe and independently asses their apoptotic count using quantitative histological analysis. Methods: Lewis Lung Carcinomas cells, that are sensitive (CS-LLC) and resistant (CR-LLC) to chemotherapy were implanted in nude mice and grown to tumours. Mice were treated with cyclophosphamide and injected with a Cy5.5-annexinV fluorescent probe. In vivo imaging was performed using Fluorescence Molecular Tomography. Subsequently tumours were excised and prepared for histology. The histological tumour sections were stained for apoptosis using a terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay. A minimum of ten tissue sections were analyzed per tumour for apoptosis quantification by TUNEL staining and corresponding Cy5.5 distribution. Results: We detected higher levels of apoptosis and corresponding higher levels of Cy5.5 fluorescence in the CS-LLC vs. the CR-LLC tumours. The cell count rate on CS-LLC sections over CR-LLC was found to be ∼2 : 1 where the corresponding area observed on Cy5.5 distribution measurements revealed a ∼1.7 : 1 ratio of CS-LLC over CR-LLC. These observations are consistent with the higher apoptotic index expected from the CS-LLC cell line. Conclusions: Quantitative analysis of histological slices revealed higher fluorescence and higher apoptotic count in the CS-LLC tumour images compared to the CR-LLC tumour images. These observations demonstrate that the annexinV-Cy5.5 probe sensed the chemotherapeutic effect of cyclophospamide and further confirmed in vivo FMT measurements.
Introduction
Non-invasive fluorescence imaging has emerged in recent years as an important in vivo method for smallanimal research. This development has followed after the emergence of bio-compatible fluorochromes with molecular specificity that serve as reporter molecules in vivo in a variety of biotechnology applications [13, 14, 27] . High-resolution imaging of histological slices using fluorescence microscopy and tissue sectioning with confocal and multi-photon microscopy typically use light in the visible spectral region. For probing deeper into tissues, fluorochromes that emit in the near infrared (NIR) are employed. Tissue penetration of several centimetres can be achieved in this spectral region, owing to low tissue absorption. Imaging in the NIR has spawned a new family of optical imaging techniques that are low resolution but that have significantly higher penetration depths than microscopy and retain high molecular specificity [11, 18] . Optical imaging of small animals now incorporates several elegant technologies, including bioluminescence imaging [7, 8] , fluorescence planar (reflectance) imaging [2, 3, 20, 26, 28] and more recently tomographic imaging, in particular Fluorescence Molecular Tomography (FMT) that was developed to overcome limitations of planar imaging and improve on quantification and three-dimensional imaging. FMT has shown the abil-ity to image protease expression deep in tissues in vivo [15, 16] and more recently it has recorded responses to anticancer treatment in vivo in small animals [17] using an annexin V-based reporter conjugated to the NIR fluorochrome Cy5.5 [18] .
An important aspect in the development of new imaging methods is the establishment of appropriate standards to correlate the macroscopic appearance of fluorescent probes with the underlying biology. Importantly, in fluorescence imaging applications, the same fluorescent agent can be used for in vivo imaging and for histological staining. Therefore microscopic observations and macroscopic imaging can be referenced to each other to yield a more complete picture of fluorochrome bio-distribution. In contrast to planar imaging, FMT records fluorochrome bio-distribution volumetrically; i.e. it three-dimensionally resolves fluorochrome concentrations over regions of interest with millimeter to sub-millimeter resolutions [10] . For example, average fluorescence concentration values are reported for small sized tumours over the entire tumour volume. In-order to accurately correlate FMT findings with the underlying micro-distribution it is important to obtain multiple sections through the volume of interest and extract average fluorescence values. Besides using this approach for validating FMT observations with the underlying histology, average histological analysis can be used to summarize the histological appearance of different lesions for comparison purposes and yield concise descriptive measures of the underlying biology.
In this work, we quantitatively analyzed the microdistribution of a Cy5.5-annexin V probe in Lewis Lung Carcinomas, treated with cyclophosphamide and observed histologically. We outline a methodology for obtaining average measures of the distribution of the injected probe and for correlation with the underlying apoptotic count [1, 25] . Good agreement between these values and previously described macroscopic FMT measurements is obtained [17] . In the following, Section 2 describes the methods employed, Section 3 demonstrates key results of this analysis and Section 4 discusses the implications of the results and of obtaining co-registered macroscopic and microscopic observations.
Materials and methods

Cell culture and animal models
Cyclophosphamide-sensitive Lewis lung carcinoma (CS-LLC) cells and cyclophosphamide-resistant Lewis lung carcinoma (CR-LLC) cells were propagated in 10% foetal bovine serum and Dulbecco's modification of Eagle's medium. CS-LLC and CR-LLC cells were implanted in three female nu/nu mice as in [17] . One million (10 6 ) cells were injected subcutaneously and bilaterally in the upper anterior thorax of each mouse as shown in Fig. 1 . Institutional approval was obtained for in vivo animal studies. Animals were imaged 9-12 days after implantation, when tumours were 4-5 mm in diameter. Cyclophosphamide (Mead Johnson, Princeton, NJ) was administered i.p. at 170 mg/kg. The first treatment was given at 72 h prior to imaging, and the second treatment was given at 24 h prior to imaging. Cy5.5-labeled annexin V (1 nmol/animal) prepared according to [18] was injected i.v. via the tail vein, at 2 h prior to imaging.
Histological staining
Tumours excised from euthanized animals were snap frozen and cut into 10-µm sections. Approximately half of the sections were fixed in OCT for fluorescence microscopy and the remaining sections were stained for apoptosis using terminal deoxynucleotidyl transferase-mediated nick end labelling (TUNEL, ApopTag apoptosis detection kit, Serologicals Corporation, Norcross, GA) [6, 24] . We followed the manufacturer's procedure for indirect staining of unfixed tissue cryosections and used secondary anti-digoxigenin F(ab )2 mAb fragments (Roche Diagnostics Co, Indianapolis IN) conjugated to Cy3 dye (GE-Amersham). Stained sections were imaged using Zeiss Axiovert TV100 fluorescence microscope. A minimum of ten tissue sections per tumour were analysed for quantification of TUNEL-positive cells and cell-associated Cy5.5-annexin. The in situ staining of DNA strand breaks detected by the TUNEL assay and subsequent visualisation by light microscopy gives biologically significant data about apoptotic cells, which may be a small percentage of the total population [9, 12] . Apoptotic cells stained positive with the ApopTag kit are easier to detect and more definitively identified than are cells in histochemically stained tissues.
Microscopic image acquisition
Fluorescence microscopy at 10× magnification was performed using an inverted microscope (Zeiss Axiovert 100 TV, Wetzlar, Germany) fitted with appropriate filter sets (Omega Optical, Brattleboro, VT), with spectral bands of 550-565 nm for Cy3 and 680-710 nm for Cy5.5. Images were acquired using a Photometrics CH250 CCD (Photometrics, Tucson, AZ), with image acquisition and storage controlled by IP LabSpectrum software (Signal Analytics, Vienna, VA). The camera resolution was 1035 × 1316 pixels at 12 bits per pixel. The total analysed histological images were 96 : 51 images of the CS-LLC and 45 images of the CR-LLC from three selected nude mice.
Image analysis
Image processing and analysis were performed using an image analysis tool (IMAN, MITL, Korea) which was programmed in Visual C++ running on a 2.2 GHz Pentium IV personal computer. For all histological slices, a central region of interest, 512 × 512 pixels, was selected to avoid inhomogeneous boundaries and ensure homogeneous illumination. Images were converted to 8 bits per pixel for improving computational efficiency. Figure 2 shows representative staining in each category.
Segmentation. The original microscopic images captured were subjected to histogram equalization to normalize all images to the same spread of intensities. Then, a threshold was applied to all images to con-vert them to binary [4] . An advantage of using the histogram equalization was that one threshold value was employed for all volumes imaged as there was no need for a dynamic threshold to be applied. This process ensures that absolute image maxima, which varied significantly from study to study due to varying illumination strength and staining conditions, do not affect the calculation. The threshold used in this study was determined after histogram equalization based on a training set of images obtained from animal data-sets not included in this analysis, and it was fixed to a grey-level intensity value of 250 for Cy5.5 and Cy3 images.
Feature extraction. The quantification of the segmented objects involved implemented a labelling algorithm by selecting objects of more than 1 pixel size and using 8 neighbouring pixel clustering for counting object numbers [5, 22] . Two main features were summarised, i.e. the number of objects and the total object area on an image. These factors were used to calculate quantitative average measures on histological appearance.
Statistical analysis.
We employed a multivariate statistical analysis implemented in the SAS program package [21] , in order to extract statistically significant changes of average area and object numbers calculated for CS-LLC vs. CR-LLC tumours for the Cy3 and the Cy5.5 images obtained. Both the variables and the histological samples were set as independent variables. The statistical significant differences were measured by means of the p-value, which was carried out using Student's t-test equality of variances between CS-LLC and CR-LLC measures. Moreover we calculated the maximum, minimum, and standard deviation in each category. Table 1 summarizes the results obtained from the Cy5.5 channel that map the distribution of the Cy5.5 annexin V probe. The results indicate significantly higher fluorescence both distribution and intensity from the CS-LLC compared to the CR-LLC as follows; On an average there were significantly higher number of objects observed (840 vs. 174) and higher total area observed (1.66 : 1) between the CS-LLC and CR-LLC respectively. Different tumours demonstrated different fluorescence distribution with higher CS-LLC to CR-LLC area ratios being that of mouse 3 at ∼2 : 1 and lower being that of mouse 1 at 1.32 : 1. In general we assumed that the fluorescence area better represents the fluorochrome concentration in the tumour as it reflects total Cy5.5 amount. These results were confirmed by macroscopic FMT observations recently published [17] .
Results
The results of the TUNEL staining are similarly summarised in Table 2 . The CS-LLC tumour sections yielded on an average a significantly higher apoptotic cell count (2.09 : 1) compared to the CR-LLC sections.
The total area measured however demonstrated only a slight area increase (1.06 : 1) indicating that generally smaller objects were observed on the CS-LLC sections. Sections obtained from the tumour of mouse one yielded a lower apoptotic count from the CS-LLC tumour compared to the CR-LLC.
The p-values for the mean number of objects found for mouse 1 (M1) CS-LLC vs. CR-LLC was p < 0.0009, for mouse 2 (M2) CS-LLC vs. CR-LLC it was p < 0.0001, and for mouse 3 (M3) CS-LLC vs. CR-LLC it was p < 0.0001 in the Cy5.5 channel and M1: p < 0.4625, M2: p < 0.0001, and M3: p < 0.0001 for the Cy3 channel. Respectively the pvalues calculated for the mean area of objects found on the images were M1: p < 0.0003, M2: p < 0.0001, and M3: p < 0.0001 for the Cy5.5 channel and M1: p < 0.0001, M2: p < 0.0081, and M3: p < 0.0011 for Cy3.
In general, the cell count in the Cy3 slices appeared more variable on CS-LLC than on CR-LLC since there was greater heterogeneity between different sections in the Cy3 channel (apoptotic cells) compared to the corresponding analysis obtained in the Cy5.5 channel (Cy5.5-annexinV). Figure 3 summarizes the total number of pixels above the selected threshold value for each individual section slice analyzed. Generally the CS-LLC sections demonstrated higher variance of total number of pixels between slices compared to the CR-LLC.
Discussion
Small-animal optical imaging at the macroscopic level has been made possible by the development of planar and FMT imaging systems. As these techniques evolve, it is important to validate the macroscopic appearance of resolved fluorescent lesions with the underlying microscopic findings. The distributions of fluorochromes injected in vivo can be directly visualized by fluorescence microscopy after selecting the appropriate NIR wavelength. In parallel, immunohistochem- ical studies may offer additional information on the presence of molecular targets or of the effect monitored and yield a more complete picture. In this study we devised a methodology that analyzed the microscopic labelling of Lewis Lung Carcinomas using an annexinV-Cy5.5 fluorochrome and the correlative TUNEL staining to independently evaluate the apoptotic burden in treated tumours. In order to obtain average measures of the tumour appearance, we analyzed several sections obtained from the tumour volume and employed quantitative image analysis. Generally, the feature extraction of computer image analysis [19] may help solve the general problem of reproducibility. Tinacci et al. [23] compared cervicovaginal cytology slide sets with a digital set and evaluated inter-observer reproducibility after training. However, the standardisation of analyses with images captured in different environments is not simple. In the present study, there was significant intensity variation between slices obtained from different tumours or between the two wavelength channels. This is a typical behaviour, often the result of variation of microscope illumination strength, fluorochrome bleaching and other factors. The histogram equalisation and the thresholding method selected though appeared insensitive to these intensity fluctuations and resulted in a suitably robust and stable algorithm for analysis.
The histological appearance of the tumours yielded significantly higher fluorescence area indicating preferential accumulation in the CS-LLC tumour. This result confirms previous macroscopic observations using FMT [17] . Similarly, TUNEL staining yielded a significantly higher number of apoptotic cells. The overall area of the signals observed however was only slightly higher in CS-LLC vs. CR-LLC tumours. Generally the TUNEL staining appeared of higher variability in signal intensities observed between CS-LLC and CR-LLC. Characteristically in mouse 1 there was slightly less apoptotic count observed in the sensitive tumour vs. the resistant tumour. Interestingly, this tumour also demonstrated small fluorescence differences between CS-LLC and CR-LLC even though the CS-LLC tumour demonstrated higher fluorescence than the CR-LLC. Such discrepancies may be a result of the selection of slices. Since different sections were used for the Cy3 and Cy5.5 analysis these results can reflect variability between slices. In addition there could biological differences between the bio-distribution of the annexin V probe and the underlying apoptosis, for example there may be some non-specific (not bound) bio-distribution of the probe in the tumours that could explain some differences that were seen on apoptotic count vs. Cy5.5 distribution.
Overall the proposed methodology can quantitatively link microscopic observations to macroscopic imaging using FMT or other methodologies. The relation with FMT however is of particular importance since it also provides for quantitative observations; qualitative histological observations would not suffice for accurate comparison between results. This combined macroscopic and microscopic quantification is potentially of great use in several basic research or clinical applications, especially when differences in biological effects and in different animals or tissue types need to be accurately observed.
